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THEORY OF THE PLANE BOLDER 


Introduction 


Flame Zolders. A flane holder 1s a device for holding @ flane ta 
a rapidly flowing free stream of ges, and thereby usking it possible — 
to warn in a stream of much higher velocity than 1 world othorvise 
be possible te tern in. 

The ability to burn effectively in high veloetty streass 
has lately tecone tremendously tmportant because of the groving use 
@f ali types of jet propulsion mechanions in which nost of the burning 
scours in fairly high velecity streams, This problea is relatively 
iNew Because in conventionsl gasoline or diesel engines the stream 
\weldetty is effectively sere ant the type of turning encountered 
there is entirely @ifferent from that in a flowing stream, A clear 
@istinotion ts to be made between a flame holder and a tarbojet 
‘Coubustor? the turbojet commustor is a device used to burn in 
& constrained flow requiring all the gas to pass through the combustor 
whereas the flase holder is inserted into the stream and distarbs it 
‘as little as possible while still maintaining combustion; fuel is 
always injected through the combustor tut fucl may be injected either 
in or upstream from a flame holder. 

A great deal of work has undoubtedly been done on this 
protien ty the U.S.¥evy, the U.S. arsy, and sauy indastrial companies 
working under contract to then or on private projects; bat by reason 
of ite military and economic sspests practically nothing has been 
published abort the fundamental nature of the process of flame holding. 
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in fact, it is not well known generally which tyves of flame holders 
are now in greatest use and which types have been found unsuitadle; 

because most of the ones in use are employed in military ran jete, 

the details of which cannot be divulged. Although this investigator 
te 2 nenbor of the ernsd services, 20 chaseified information has been 
available in the public scientific literature only. 

So far as is known wost of the investigations on flene 
holders have been little more than trial and error investigations 
with little or no attempt te discover the exect sechanism by wich 
| the device holds the fleme. 1% is generally stated’ that the flane 
holdéer, which usually has « concave downstream surfece, does ite work 
ly creating a turbulent wake where combustion occurs more readily than 
fn the adjoining free flowing stream, and thet this burning turbulent 
Fegion acts a8 a source of contiaucus ignition for the main stream. 
& sinplified drawing of a hypothetical flase holder showing the assumed 
path of the air particles and the way in which the flame spreads is 
shown in figure 1. According to Dr. Nerad the incoming gas "relis 
through the flame* and is preheated te about 1900° F in » manner very 
Similar to the action in a turbojet combustor. However, no quantitative 
measures of flaws holder effectivensss are in use, no quantitative 
predictions for the performance of a given size or shape are made, and 
in general it is not known what relations exist between size, shape, 


i. After = description given by Dr. Nerad of the ecneral Mectric 
Company before the jet propulsion students at Ronaselaer Polytechnic 


» 


Begg erage Sims ton 2f 21 ,000d of 


ie ok of ottaoesien © si ig pina Ne 


¢ a) 
A, 4 g0e % mar 2 fie a oe ON es 
Ff ; Jie ~ a th a ee, i? oy en 4 
AST, ae ° ; t 
ae “t, fy wad , gr a —- 4.4 z ce, 5 ae 
02 « 
’ 
J 
f 
| 
r 
‘ , é. ‘ ' 
peers, (es Bo ‘pa Taek ” 4 
ay ae Ota 
ih 4-9, ¢ . eae 
Et age 
t 
‘ A baa OR 
. (Wee's - 4 
a yn 
4 fe ; 
‘a : diet , 
» . ped. WW 976454) 
' 


— = = « Sine’ alae mae a * meeps sacar a ois tes ot a es See he alate ee a ae 


“+ oo 


+ SN 
bik HED a \ 
FLAME FRonT ~7~~ 


i” 
ae 


: NX 
> Ak 
veld 4. 4 ; ~ < 


= eA 


~ Sie 
” ~s ot a 2, 
eds, 
a: Fy eee a's 
a, . ae - M 
hn i i 


a ee 


- ee i 


= ia ‘ 
Pe eee ee et 


stream velocity, stream turbulence, and the other warizbles, of which 
there are legion. fFerhaps the nearest fairly commen approach te « 
meature of the effectiveness of « given flase holder is the reporting 
ef the less in total pressure acrose it in the stream, but this im- 
plies that the total ancunt of turbulence is the significant charac- 
an atsumption with no apparent justification. 

The purpese of this investigation is te discever the funda- 
mental mechaniem by which « flame holder holds = fieme. Once these 
significant variables are detersined and the effect of each is under- 
_ tteod, a basis for design will exist. 


mabustien Studies. the most fundanental etudies of flaws sechanisms 
ere found in the work of these seientists whe have investigated the 


process of terning in the Bunsen burner, and it was from the work of 
theese people that the theoretical besis far this work was taken. 
Smong the outstanding men in thie field whose work was consulted are: 
P. A. Smith, 5, ?, Pickering, 4. Mache, Wilhela doat, and most important 
Cf 211, Bernard levis of the U. Ss. Baresu of Hines and Guenther von Elbe 
@f the Carnegie Institute of Technology. The latter two workers, in 
particular have nade notable advances in understanding the nechanisa 
Of contuation on have given « fanetions Pleture of the Bunsen burner 
process which for securacy and detail is traly rouarkable. 

in @ Derning gae, combustion occurs in a narrow tone sepa~ 


rating the unburned from the burned gases, ‘This sone ie a region of 


~ Fae oF 2 ee 
2* 


intenes chvemical reaction which propagates itself as a Huygens weve 
in « direction normal to ite surface. The velocity of prepagetion 
with respect to the stationary unburned air, eslled the "barning 
velocity", is controlled by the rate at wich the chenies] reastions 
are induced in successive gos layers by (1) diffusion of active 
speciss such as H, Gi,HO.,, 9, and CHO inte the unburned ass, and 
(2) heat transfer inte the unburned gas, mainly by conduction. 

The suraing velesity in a still gas for mowt normal gaseous fucle 
is ia the neighborhood ef two te five feet ser second, « figure far 
Relow that essential for comtustion in a high velocity stream. 


_ & flawe remnins stationary in a moving streas, s8 in a burner, only 


because there are regions in vhich the flaze velocity is equal to 
the local strean velocity, such regions ususlly being near the rie or 
near on obetruction in the stream such ae the grid of a Meker burner. 
Phe burning regions continuously ignite the remainder of the gas as 
it flows Ww, the flame spreading out fron these centers incsach a way 
velocity. This cives rise to a cone in the ease of the Bunsen 
werner (Fig. 2) and to an inverted cone in the case of the simple 
flame holder (Pig. 3). ‘This has been well understeod for years and 
‘the angls forned ty the vertex of the cone, together with the know: 
velocity of the stream, has been used to detersine the burning 

The new contribution of Lewis and von Elbe is « detailed 
explanation of how the regions of equality of gas velocity and burning 
velocity are ostcblished ia the presess of burning. ‘the two 
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predowinating influences ares (1) friction, which slows down the ges 
velocity near the solid wall, and (2) inhibition of the explosive 
reaction ty the wall by means of (a) destruction ef the ehsin carriers 
ami (b) cocling. Thus the wall decreases both the ges velocity and 
the burning veiocity.. There is always « layer of one molecule thick- 
nese at rast on the well. and the gas velocity increases with the 
@istance fron the wall in s manner dependent for a given gas primarily 
upon the velocity and degree of turbalence of the flew. ‘the burning 
velocity is also sero at the wall and for a short distance fron the 
wail after which it increases gradually until at a certein distance 
_ the wall has no further effect ané the turning velocity is a fonction 
Of the fucl mixture, degree of turbulence, smount of preheating, and 
ether variables. This can be seen in the phenonenon of flagh~bask 
vhere the flame progresses down the tube against the flow with the 
fringes trailing the central portion and act msking esatect with the 
well itself. In ordinary wersing 7 the wall completely quenches 
the flome for « distance into the gas of approxisately 0.1 te 1.6 
eentineters from the wall depending upon the type of wall, its 
«lea ee pacman iaeaaiacanas burning 

Wisgh-beek occurs when the|velocity sowevhere execeds the gas 
velocity. See Figure 4.’ this condition is represented by curve 1. 


2. Cane Su TENS WHE Saorte Menheon, Teneiber Seathes as Se 
 ‘Stmmeture and Stability of Burner Plames*, ‘fhe Journal of Chemical 
Physica, Foil. 13. pr.89-106, 19%. 


3. Bernard Lewis end ee ee meee ee ee 
of Burner Fisnes®, The Journal of Gemical Physics, Yol. ll, 
Pp. 75-97. 1943. 
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4s the flow is inereased a critics] velocity is reathed, curve 2, 

where the ges velocity is barely equaled by the burning velocity and 
flash-back is just possible. With further increase in flow the velocity 
gradient is such that the gas velocity everywicre exceeds the burning 
velocity, curve 3, and the flane is swept out of the tube inte the 

open air. The factors that determine the critical velbaity gradient 
boundary regain their inflammability and the flame establishes itself 
ae near to the rim ef the burner as quenching allows. At sone point, 


position becones stabilised (Fig. 5 curve 1}. With increased flow 

Velocity due te the increased distance from the wall and another point 
of stability is reached as in curve 2 igure 5, Zewever, the turning 
@ Sete of fiow will be reached such thet the gas velocity everywhere 
exceeds the burning velocity and the fiame will be blown off the end 
of the burner and extinguished. This point is termed *blew-orf.* 

There is thus a critical velocity gradient at the wall for flash-back 


gradients lies 2 tangs of stable eperation, where increasing the flow 


nOrmel to the ges strea. 
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These oritical velocity gradients were enleulated from the 
equations of velocity distribation im laniner flow by Lewis end von zie; " 
end their experiments showed them te be constant over a wide variety of 
tube sizes end <2s velocities for a given mixture composition. 


foregoing deseriptics of the meshanien of contustion in the Buncen 


| gfadient of gas velocity between the ignited portion ef the ges and 


thet portion rensining te be ignited. For the flase holder this means 


"the gradient of velootty betwen the turbulent Low veloétty region in 
‘the wake of the obstruataca ond the adjesent free flowing main stream, 
Fron aerodynenia considerations one consinéss that the grafiest of 


Veleckty hebveen the turbulent wake region s0% the free strese chould 
not be s function primarily ef the shape of the dovnctroan surface of 


| the flane holder bat more directly of the upstream shepe, ite surfsse 
- @ondition, and the type of flow in the inconing stream. ‘This implies 


 emly, en inplisation not in accord with the general practice which 
ae ‘Qovastrean aurfaces vith Little regard for the shape of the upstrean 


It was therefore planned that the first step ia thie investi- 
gation would de to measure the effect of the doyustrean eurfase upon 


4%. Guenther von Elbe and Norris Mestser. gp. cit. 
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the flame holding ability of an obstruction in the strena, holding 
all other variables constest.. Thie wae done sy constructing flame 
holders of long slender rods with differently shaped downstreca 
ends 20 that the flow would then be identiesl for all flase holders 
except os affected ty the shape of the dovastrean end. ‘The rod was 
mounted coatially in a pipe from vhich a eosibustible aixture of 


s toreh to the turbulent wake eddy and the result was 6 flame in: 


the ehepe of an inverted cone as in Photograph 1. Observations were 
made also upon the flow pattera, pressure effects in the stress, 
tenperatuse distribution, and generally of all fects suspected of 
Raving 2 bearing upon the wechanien of flame holding. Saseg upon 
these ebservations a nev type of flane holder was designed, built, 
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Sinse the object of making the experiment was to deteraine 
the effect of the downstream surface of « flame holder apon ite ability 
to hold a flame, the apperatus was designed as simply as possible to 
in Photograph 2. Ite essential parte are a blower for supplying sir, 
a tank of Liquid propane for supplying gnseous fuel Wy evaporation, 
metering deviess for measuring the rate of flow of air and fuel, a con- 
trol valve for the air systes and another for the fuel system, three 
three different shapes on the dovnstreas surfaces. 

4 detailed description of the parts follows. the relation 
ef each part to the assembled apparatus is best secn by reference to 


supply air te metallurgical furnaces. Its rated eapacity vas one hundred 
seventy-five cubic feet of air per minute messured at atuospheric 
conditions; tut, sinee the moter driving this blover ves not as peverful 
as the one intended to de used, the actual output of the blower was far 
below the rating. It was sufficient for the purposes of this experinent, 
however. The blower was operated at thirty four hundred seventy five 
Perolutions per simate and it ran quietly and with little vibration, 
delivering = supply of sir at an alsost constant beok pressure of 


approximately twenty six inches of water gage. The total variation of 


Photograph 2 
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beck pressure vat mob more then four tenthe of an inch ef water through- 
wat the ubole tevestigetion regardless of tespersture, rate of Flav, or 
any other vorinbles; and thie ws a very laportent fseter in simplifyieg 
the aeneurmment of alr and gas flew 28 will be seen in the coming dia~ 
it ws sonstines found at low rates of flew to be im a state of palsntion, 
Be effect of thie pulantion sonld te seen in the flame although every 
‘Palention set in. It is believed that the effect of the astering orifice 
and the large control valve whieh was pertielly closed ct all tines 
eonpletely olinineted the effect of yolastion befere it reached the 
fhewe sone 


Az Hotering. Aly metering was secomplished wy the ase of a flat orifices 
Society of Nechenicsl Engineers.” This asaturenent tu based upon the 
‘Reasuroncnt of the etatic pressure arep in « ctrean of fluid as it con- 
‘werges to seo0 through a restricted epening. The detalles of theory, 


 §, American Seetety of Mechanical Engineers, 
Fluid Meters 
Part 1 Theory and Application 
Part 2 Description 
Part 3 Their Installation and Selection 
BN. Y. See.3931. 
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a committes of the A. S. K. EB. and published in « speaisl report, 90 
these details are not presented here. The erifies vas installed tn 

a three inch brass pipe; and the crifice diameter was 1.531 inches. 
Pressure taps vere installed about one half inch from the orifies plate, 
as specified for *flange taps*. Pressures vere neasared with an inelined 
manometer which could be read sceurately to = hundredth of om inch of 
water, ‘Variations of temperature and prosaure observed in the air aysten 
@uring ail types of operation were not creat enough te make significant 
| ghanges in the indications of the metering system, and therefore the gas 
was considered to te atmospheric aif in the calouletions. The netering 
ayaten 08 instelled and used should give neaseresents of weight flow 
accurate to less than three percent. 


head on the differential ssnometer. In addition to sentrolling the rate 
@reated downstream from the valve. No difficulty was encountered as 
@ reeult of bed mixing. 
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Zuel Supply. The fuel used wae propane cos, GH. sold under the trade 
nams of “Fyrofax® and, supplied in liquid form im tanks, This fuel has 
a vapor pressure of approxinately 120 lbs./eq.in. ab room temperature 
and therefore furnished a convenient fuel supply when obtained con- 


meroially in the fera generally solé fer rural home cooking and heating. 
6 


‘Some of the pertinent characteristics of propane as a fuel are teaim~- 


lated below. 


B. P. 
Ratio of Seonhita . enn 
, Pressure at wae 132 Vb./aqein. 


A preseure reducing valve of the type generally used on acetylene tanks 
in welding operatioas vas inetalled in the fuel line te control the fuel 
pressure, and it maintained the pressure nearly constant but with slight 
GaptshSons of smeXi eaplitete ts the flenp wine ant iubeneity. Stese 
veadings at blow-off could be repeated many tines with almost identical 
Fesults, it is believed that these very snall fluctuations had no 
Dichien eftect on Vee eneuseay. 4 guall copper pipe ied fro= the fuel 


‘tank to the main air Line and the fuel wes injected against the sir flow 


by a dent pipe inside the air line as shown in Pigure 6. The fuel aysten 
at o whole constitated a metering device which was very reliable ones 


6. Rate furnished ty the sapplier. 
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it had been correctly calibrated, bat the calibration waa one of the 
most difficult parts of the measurement. it wes carried out as follows. 
Te the handle of the fel control valve was welded « pointer — 
which sade contast with « positive stop device installed on the body 
of the valve in such a way thet this control valve could be opened te 
exactly the same plaee repeatedly. The time was then measured for one 
pound of fuel te flow out through the system for a series of specified 


| ‘pressures in the fuel line. This date is tabulated in appendix A. 


Sines the pressure in the air system to which this fuel discharged 
remeined constant by virtue of the blower charscteristies and the fact 
that the stream velocity was so low that the inpast pressure had no 
significant effect, the pressure in the fuel line wes the only con- 
trolling effect, provided the temperature of the fuel in the tank até 
aot drop too far. Sh wed Geond Git wht: Sane aenidened Suing | 
evaporation ecoling caused the temperature to fall so lew that the 
density ond viscosity of the gas were changed; this allowed a greater 
weight of fuel to flow per anit tine than with normal room temperature 


| ga8 even though the pressures in the fuel line were the same. Finally, 


however it was determined that the variation from normal wae not im- 
portent if the vapor pressure in the texk vere kept between 120 and 105 
a the vapor pressure being a seasure of the teaperature. 

By obeerving this preesution very accurate seasurenents could be aode 
a will be seen from the tabulated tines in appendix A, and fyom thess 
meaguresents the fuel calibration curve, Curve I, was asde up. 
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Thereafter with the use of this curve, knowing the pressure in the fusl 
Tine, one wuld plek eff nsourebely- the wlghh rate of flee ol Seal. 
keeping in mind ell the tine that the vapor presmare in the tank mast 
be maintained between 105 and 120 1v./sq.in. Due to the difficulty 
encountered in the fuel calibration snd the fact that the ealibration 
ourve finally obtained vas elucst a straight Line contrary to expectation, 
@f the investigation, and wae repentedly verified. Consequently it is 
Welieved that dy tts use very nccumtecneasuresents of the fush weight 
rate wore obtained. It will be seen that great sceurscy in this measure- 
ment is essential to the correct scaeurenent of the blow-off velecities. 


dionetor = 0.2475 inches and length = thirty six inches. ‘These flame 
stalled eight inches dovastrean fron the large control valve. ‘They were 
diet and, These sot exreve tagether sith the goutvel valve ixeurel 
“a high decree of turbalence in the air strean, Tor all the recorded 
‘ef the one-inch pipe, bat it was observed that no measarable change in 
the end of the pipe to a plane one inch downstream from the pipe. 
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somperature end Fressure Measurqmen$s. 4 sliding rack device to vhich 
was attached a chromelealumel therascesple was used fer a teaporature 
probe of the combustion region. See appendix A fer tabuletion. ‘wo 
@eales were attached te the rack: the “x" ssale which measured te one 
sixtecnth of an inch was used te measure the distance downstresn from 
the end of the flene bolder; ant they® asale vhich measured thousendths 
of feet «ae used to measure distences pyervendicular to the flew. 16 was 


 yery difficult te asintain a stable flene at temperatures lew enough 


for the use of a thermocouple and thie facter severely limited thy 
amount of information that could be obtained by this method. Tne resulte 
obtained are querttionable becauss of (1) the long exposure of the therse- 
eouple and its fittings to temperatures near the thernesouple's raxiaum 
limiting temperature, and (2) the probability thet the presence of 


gad is chown in Ourve 11, A pressure probe was maée using an iapact 


‘. 


@né pressure measurements were unde in conjunction with ilect. Condy. 


twer 5. Compton, 0.5.8. who prepered Gurve 111 from raw date obtained 
Jointly. 


Sghiteren. Schlieren photographs vere made ty Capt. Russell Herrington.¥. S.A. 


for the purpese of showing the flow arevad the downstream ends of the flane 
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holders. The velecity of air available wae ast sufficient to sake the 
requisite density changes, however, end thet flow was not revealed. 

two interesting schlieren photegraths are presented that de shew sosething 
and divergence of the emerging stream without burning. 14 wes meade by 
heating the air in the one-inch pipe with « gasoline toreh which caused 
the divergence ahead of the flame, the distance between the flans holder 
process. Zoth photographs were made at 1/30,000 second stopping the 
photograyhed with ordinary shutter specds aro not at all a true picture 
of the burning process. | 


Qhecrvations of Blow-off 
messure the rate of flow at the instant of blow-off from each of the 
three fleme holders over a range of wixturs coapositions. A study of 

the only sound basis of comparison of the three flame holders was compari~ 
son for the eane mixture, end this could be accomplished with the experi- 
_ mentel set-up in use only ty making sessurenents over a renge of mixtures. 
It should be held constantly in mind in evaluating the results of this 
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investigation that deteraination of the absolute performance of the 
Pelative performance emong the three was the goal. Bue to this fact, 
system errors applying equally te each of the three surfaces would not 
affect the conclusions drawn. This is not to be token as en implication 
that eny of the measurements are inaccurate except se noted or thet any 
ignition was accomplished ty blewing a fairly rich mixtare 
past the fleme holder at a low velecity and holding e flaming wad of 
holder. After ignition the flow could be increased and the aizture 
gould be changed st will within the mixture inits of inflanmability” 
end the flow limits of stability. ‘The eppearance of normal aixture 
warning, one neither “rich* or *lesn", frea the flat ended rod is seen 
an Photograph 1. ‘The pipe ond fleme holder are visible at the left 
@ige of the pioture, which is slightly lerger than life-sise. Bote that 
the flan does not make contact with the zutal but it beconse luminous at 
a Gistence of approximately 0.1 inches away from it apparently ae a result 
‘not necessarily the uost reactive region, sinoe a large pereeatage of 
the reaction may occur shend of the lusinous region.! The sversge 
velocity of the stream in this pleture is about thirty-seven feet per 
second, and at thie velocity the flame front is very nearly parallel 


7. As deceribed ty Dr. Herad of the Generel Zlectric Company before the 
jet propulsion students at Rensselaer Polytechnic Institute in Merch 1947. 
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to the flow for @ distance of two or three flexe holder Gisesters dewstrean 
from the flame holder, at which point it becins te diverge in a curvatere 
that increases with distance downstrean. ‘he fussy abnoraal lumps on the 
sone surface near the base of the cone are due to « doughnut shaped 
Photograph 11 taken at e wach lower rate of flew so that this turbulent 
makes contest with the edge of the pipe and forms a Bansen burner type 
of flsno, sonstinse with the divergent cone from the flame halder still 
of the flame holder an4é no particular study has been given to it. It is 
worthy of note, however, that the mexiaa: flame temperature appears to 
Photograph 5 shows a flame like that of Photograph 1 in every 
@ownstreen of the flene holder is clearly visible due to the low intensity 
@f the flame surrounding 13. ‘fhe angle of divergence in the lower part 
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19 
ef the cone is euch ezaller for the iesm sixture then for the normel, 
and in conersl the luminosity is act 90 creat. Yenperature measuresents 
show the temperature te be far lover elac. 
Photograph 6 is sinilar to Photographs 1 and § exeept thet it 
is s rich mixture burning at the seme velocity. ote the sharply out- 
luminosity. nee intense buraing was started, 2s it was im the vortex 
_ at the right of the pleture, luminosity and teaperature vere high. It is 
possible at times to esuse this flame to neck down until it separates 

entirely vith s dark space betveen the turning at the tip of the flame 
holder snd the burning at the bese of the cone, but thie ie an unstable 
situation that ean be maintained only for 2 moment. it is probable that 
@ region of high chemical renetivity; introduction of any measuring 
Gevice such as a thermocouple served caly to disrupt the flow pattern 
and cause blow-off or retura of the lusinous flame. 

Photegragh 7 shows the type of flame obteined with a neraal 
wixture at higher velocities, thie one being at avprezimately sixty-five 
fest per secend. Although the end of the flane holder oannot be seen 
‘im the ploture its position can be accurately judged from the foregoing 
_-Fhetographs. Photograph & shows the cone from the round ended flame 
solder at very low velocity, approxinstely three fect per second. In 
this picturs the angle ef the cone eon clearly te seen to be larger 
than before. ote the slight curvature af the upstream eige of the flape; 
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thie is believed te be a result of the outward radial flow from a ting 
vortex in the wake of the fiane holder. ‘he flase from the flat or 
goneave surface is essentially the same in appearence os this flase 

One yhanenennn. set agpatenh Seen the yhategraghe tad veadlly 
visible to the eye is the variation of esler with mixture. The flame 
fe light blue for a lean sizture decoming sore luminous but remaining 
| Wiue ss more fuel fe ed@ed te the mixture. when sufficient feel is added 
te cause the necking down shown im Photograph 6, the color changes to 
@reen in that narrow region and regains the noraal blue color in the. 
more lusinoes region downstream. This green color is believed te be 
@mo to the presence of exeite formaldehyde in the flano, = manifestation 
Gf the so-called “eool flame" reported in the literature of chentcal 
kinetics.° 3 
The rates of flow at blow-off were measured by setting a given 
weight flow of fuel ae previously deseribed in the calibration @isoussion 
and incrensing the flow ef air until the flaue blew off the end of the 
flawe holder, The reading of the inclined manometer at that instent 
gave the rote of air flow and this could be combined with the rate of 
‘fuel flow te give the totel rate, the mixture compositions, and together 
"with tho aren of the onmular opening, an average velocity. ‘Yolune rates 
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of flow vere used in the repert instesd of velocities in order to avoid 
the complications arising out of the velocity proftie; since volume 
rates wore exantly proportional to average velocities, the sise of the — 
zit opening remaining constent, this paraseter was measure ef performance 
equally as good as velocity would have been, 

It was possible to get very consistent readings once the fuel 
the flame had been acquired by practice. ‘The raw experizental date is 
listed in appendix A and examination of the deviations in the readings 
will give some idea of the reprodmeibility possible. Hovever the range 
fim which this reproducibility was obtained was strictly licited, and no 
Peadings were reported outside of this range. At the upper flow the 
limit was caused by the fect that the flame instead of blowing off at 
@ definite velocity would gradually decrease in intensity and size while 
paw foe ves Blown through 1% and into the atmosphere without turaing. 
If this process vere allowed te go te completion the flame would diminish 
antil only very tiny tip hung onte the ond of the flame holder ex- 
tending about tvo diameters downstreas therfrom. Furthermore, at rates 
above 2 cortein definite value for each mixture uarked instability of 
the flame set-in eaueing the manometer to fluctuate wildly over a range 
of about six tenthe of an inch. In order to avoid errors from these 
| @auses, the highest reported data was taken at a rate of flow apprexi- 
mately 75/ of the rate at which it could first be observed that raw fucl 
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wes escaping. There is no certain way of knowing that complete combustion 
took place under that condition but it is considered to be a conservative 
approximation, The lower limit wae set by the ection ef the large turbu- 
lent vortex at the base of the sone which moved upstream until it made 

gontact with the pipe rim and formed « Bunsen burner type flaue. Between 
these Linits very consintent results could be obtained. The raw date 

were converted as shown in eppendix B inte the form plotted in Curve II. 

One or two other observations of the action of this flame 

should be noted. It was observed that at the instant when the flame blew 
approximately 9.1 te 0.3 inches of water depending upon the rate of flow. 


_ 'e retard the flew by that amount. Additional evidence of the presence 


ef back pressure from the flawe is seen in the divergence of the stream 


_ prior to entering the flane while the normal divergence vithout burning 


is auch smaller. Photographs 9 anf 10 chow this divergence very clearly 
ty the path of the enoke particles introduced et the edge of the strean. 


Photograph 10 was taken at a rate of flow approximately half that of 


Photograph 9 and the effect is more marked in the slower stream. 
presence at tines of a tiny vortex visible in the turbulent region 


demediately dovastrean from the flame holder in the apex of the dark 


fegieon seen in Photegraph 5. ‘This vortex had the appearance of a ball 

of fire about a tenth of sn inch in thickness and twiee as long in a rapid 
flew ac if the streamlines were passing around and through a doughnut, 
reverting direction twice. 
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fhe most significant information obteined in this investigation 
@an be read from Ourve Ii, the plet of the mixture composition versus 
the rate of flow at-blew-off. The flat surface is seen at once to have 
a porformenee idention| with thad ef the seneave surfnas, on Shesrvation 
remarkable in view of the prectically universal use of a concave down- 
‘stream surface in flene holders. Gontrary te original expectation on 
the basie of equal velocity cradiente from the three different rods, 
the performance of the round-ended rod. was not as good as thet of the 
other two. ‘he divergence is greater than appears at first glance at 
the curves duc to their flat siepe. Tims for « given mixture in the 
faces is thirty to fifty percent greater than for the rounded surface 
even though the curves lie very close together. The flat nature of these 
ire, cha shy Ee contaeieiateh cn cusie aeaumie emanate 
Since « change of the fuel-to-air ratio from six hundredths te seven 
hesdreéths more than doubles the rate of flow at blow-off. 
: fhe identity of the eurvee for fiat and concave surfaces well 
supporte ihe theory that the significant characteristic of flow for 
stable turning is the velocity gradient in the stream; and it is 
on the basis of this thecry. 

a& lew rates of flew with the rounded surface it was observed 
that the flame did not originate from the outside radius of the rod tut 
from a point on the curved surface such that the diameter of the tube of 


oy 


flame near the surface was enaller than the full radius of the rod. See 
servetion. Thus due to the location of tho point of separation ef flow 
the size of the flame holder was effectively reduced. See Figure 7. 
Since the velocity gradient is deteruined ly the area over which friction 
forces sat to retard the flow near the surface, a rod of smaller radius 
| would produce a higher velocity gradient than one of larger redius with 
the sant subs of flow, snd thoredexe we wenké susienshiy expect to got 
Blow-off at o lower rate of flow with o susller radius. This is in 
eecord with observations, 

A ti wave ‘the only faster ab verks 46 eueld te expected that 
as the rate of flow increased and the point of separation moved out end 
around the curved surface toward the full radius that the performance of 
ends. This ws not observed. It may be that the accuracy of the neasure- 
ments and the limited range reported are not sufficient to shew such 
a trend if it exists, bat a plausible explanation oan also be found in 
the study of velocity cradients sroand a ephere, since the chape of the 
a stream separates on such a surface. ‘The point of separation is always 
@ point of sore velocity gradient at the surface, but the sise of the 
region of zere gradient is apparently too «mall te hold a flame for 


3. DBedge and Thompson, Mechanics, “otraw-liill Boek Company, Ine., 
See Sear aon Menten, & 
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otherwise one could always bura wherever separation cecurred. The velocity 
gradients surrounding such points aust be too great at high rates of flow 
to allow retention of flame. lownstreas from the point of separation 
there is a reverse flow close to the surface while further from the sur- 
@ back flew on the rounded surface is the carvature of the forward sigs 
of the flane in Photograph 8 The velocity gradient acer the envelope 
enclosing this reverse eié@y must be much greater than it would have been 
without the reversal of flow. ‘hus another factor tending to produce 

@ higher volecity gredient fer the same rate of flow 1s seen te be at 
work. The effect of thie reverse flow increases with the rate of flow 
because the reverse flow is dirscted more nearly upstreas as the sepa- 
while the first couse, effective decrease in diameter of flame holder, 
thet in this flow range the rate of increase of one is about offset ty 
the rates of decrease of the other. 

The seue type of back flow exists with the flat and concave 
upetrean near the separation envelope as with the round surface and 
therefore the effect should be less severe. Yor the flat end the maxi-~ 
man angle at which the two flows could merge is ninety degress. See 
Vigare 9. Fhotographs inéieate the existence of this flew by the sane 
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flow aust ast have been circulating beck into the concavity ani emerging — 
preeticaliy parallel te the aain strese as sight be expected, tat must 
have bean tsking sone euch course as shoun in Figure 20 due to = pocket 
6f wore or less stagnant air in the concavity. ‘his could explain wy 
-« $t Deheved exactly as the flat ended rod. 

fiews ai4 ceour. On that basis it is reasonable to ascume thet with 

a larger eoneeve Slane holder anf with higher velecitios the oléy flee 
ein flow with considerable velocity tims reduoing the velosity gradient 
end resulting in a better flene holder. than « flat end of the same cise. 
Hovever, this might prodnce a more severe velocity gradient within the 
ty coreful and detailed’ investigation of ouch a flow. ve 

feason that they could not be deterained. In the work of most workers 
in the boundary layer ef a flat plate for lsminar flow fe given ty 


a = nz 2-&) 


12. For further evidence from the water tablé about the flow in the back 
eddy, see Addendum No.l, p.35. 
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where t is the velocity at any point, & is the velocity in the free 
stream, y is the distance from the fist plate, Sis the total thickness 
of the doundary layer. for a pipe this f can be teken as the anximen 
velocity in the axis of the pipe since the whole flow is boundary layer, 
ana J corresponds te the radius of the pipe. Differentiating with 
Peapect to r, and taking the limit as r approaches 8, the redius of the 
pipe, one obsains the grodient at the surface of the pipet 


lin (oan \= &F 

voi Bc ae 

where ¥ ia the voluse rete with time. A sinilar operation will yielé 

the value of the rate of change of velocity with r for an annular space. 
However, in the ease of a turbulent boundary leyer the exe 

pression for the distribution of velocity with distance is 


“= (3)! 


it Wet 


Ghange of velocity with distance from the wall is sero ct the wall, 
the point at which the gradient te significant for purposes of this 
experinent it can be safely said that for a given rate of flow in the 
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fieme holders ezeept ac noted for the rounded surface; and, to repeat, 
it is the comparative performances thet is sought, not the absolute pere 
 ~fermanse. | 

the temperature neasurenents présented in Gurve Lilare eus- 
pected of inaccuracies due to intense heat on thermocouple fittings, 
Shab. the provanee of tha shemneosuphe alters etzactere of the flens.cune. 
deyever, the isotheras are undoubtedly approxixately correst and shew 
‘Rarroy zone losated appreximetely where the luminous flese cone is 
located. there ie undoubtedly sone tenperature rise shead of this sone 
Wut the amount of rise or its extent in space is act reliably shown in 
Gurve IT. the low temperature region innsdintely downetresn from the 
the base of the cone. 
@ue to the fact thet the equipment could act withstand the high teupera- 
| pure and that it disturbed the structure of the flane. Also the seaming 
of impact pressure is not clear singe there is uncertainty regarding | 
the static pressure distribution in the reaction zone. The only reasona- 
Diy clear fact exerging from the pressure probe is that in general the 
total pressure is somewhat less downstreas from the flame cone than 
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upstream. ieobars appecr to run pafaliel te the flame front. 

This ie in secoré with the previous observations that a back 
end geused divergence ef the strean. Te sense” of the beak yroesure 
ie believed to be due te the reestion force from the expanding end ac- 
eelerating gat as it passes through the high temperature gradient in the 
flame cone, the component of this foree parsllel te the flew produoing 
arises whether the pressure drop aeress a flame sone so cften referred to 
‘as the “loss of pressure due to turning" by coubuetion investigators in 
the jet field is a real less or oniy an apparent ices due to the back 
flans holder rather than at ite surface is interpreted to be an indication 
ef quenching by adsorption of the active species and by cooling. ‘this 
eaation is believed to have mich significenes in the flane holder process. 
_ Et will surely liait the sise to which fiem holders can te redneed for 
when the tetel turbulent region is within the distence of tetal quenching 
ma flame con possibly he retained. Yurthernore it sppears from the 
The exact explanation of this is not at present understood and a full 


10. Ser ?, Piock, “Gastuatien oe sheni¢al Bagkeround 


and G. vou Elbe and 4. Menteer, *Purther Staties of the Strasture of 
Burner Fleuea,"Zhe Jqurnal of Shenies! Znysics, Yol. 15, 1945. 
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description of the burning process cannot be nade without that under- 
standing. It should be observed that with rates of flow so low that 
the end of the flame holder became hot the flame cone after a long tine 
turning would back up over the edge of the flame holder and hang on to 
the hot eylinéries) surfese. After thas heating the rod further 1t 
would continwe te creep upstream being enchored by the het surface of 
affeets the quenching action and hew impertant quenching is te the aetion 
ef the flane. 

in view of its importance a brief description of the cheniesl 
kineties of the quenching action is given. Hydrocarbon and oxygen mole- 
gules do not react directly in the combustion preeess but go through 
@ Series of steps involving free radicals. A typical branching chain 
series leading to explosion is given.” ete the initiation ty e free 
Padical. 

B+0, = OR+O 

fhe products of this resetion then react as follows 


on+ H, - i, @+*H8 
ork, = @8+& 


This O H then resets with hydrogen 
oa &, = H,O+#H 


11. von Elbe and Lewis, The Journal of Chemical Physics, Vol.10, p.366, 
1942. 
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After this sertes of steps not only the originel hydrocarbon atom 
remains tat alse tec more hydrocarbons in addition to 1%, atl eapeble 
@f inttiating a new chain which fn turn branches agein. 4¢ this precess 
were to continue unchecked the aixture would explode in a satter of 

by sufficiently repid chain breaking processes. One of the sany ways in 
which this may be done is by the presence of a third body, either an 
inert molecule, a well, or any good ancoptor of energy. in the presence 
of a third body, M, the following reaction may oocur 


* 6,7 4 = HO, +8 


with tho union of # and ©, for unless that energy can be dissipated 
the H 0, particle flies spart after « brief interval. ahem the last 
weastion oceure the chein is broken by the removal of the chain carrier, 
4. This is one way in which a will can inhibit a reaction. Another 
woy is by adsorption of the active species. te the wall where they react 
fhe nature of the surface effects the quenching properties 
profoundly, «1 fact that makes surface troatment » reasonably promising 
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COsCLUSIO€ 


Sumazy. rom the study of the nechentan of combustion in the Bunsen 
turner, it appeared that the eriticsl characteristic of flow for stable 
flames was the velocity gradient between the ignited ond unignited ges. 
shaped flone holders would cive the saxe performance if the velocity 
tut ib was determined that for this case the velocity gradient had not 
" peen held constant, and an explanation of the performanee involving the 
sevenont of the point of separation of flow has been given thet is in 
accord with the theory of velocity gradients, 

A plabare of the flene holder mechenion an detetuined fren 
this investigation is given in review. 4 turtalent region is crested 
doynetreem fron the flame holder where combustion is promoted ty the 
low voloeity and turbulense ond inhibited in the leyers adjacent to 
the flane holder ty the quenching effect of the metal wall. I the 
gradient of velocity vetween the burning turbulent region and the outside 
free stroan is not too great the flame will spread radially producing 
| am inverted cone whose vortex is twice the angle whose tangent is the 
burning velocity divided by the gas velecity, The burning velocity 
éepends primarily upon mixture, proximity to a wall, turbulence, and 
is completed in a very short space, less than 0.2 inches in this 


EER 3 A Gh OME id: 


. %: j At 
‘ , y Ugt 
a f . 
. os 2 i a a x - gout s i’ NY a: 
$ 
: 
> iver 
a ° “T eS | r 
“ia EP os ce Soe se i 
- sad r ¥ 4 i 
w ve vd bs é 
a n . e * i “4 i * 
7 pa pies . “ - aay ’ =e, ; a , 
; _ ¢ ye. 
. ve res 
ang A 
a ¥ P = Te ‘ 
- , - , > + ; 
2 ~ mc ee > real ’ % 
; ye ‘ sé 
ot 
7 — | 
f C , wt ¢ 
> ph acig ric Pibs ee Ei Pg 
7 e o i 
od : " ¥ 4 ia 
a a i - 

« ex... 7 . wr Mag EES ; t- 

< ‘ ; 
¥ + \) 7. 
- : . , - 

, ‘ ane is 
wag nd 442% whe rth ee putt gee eee 
rortar oy 

. 
* 4 - 
; : . j 
> a! * x + 
. ee > F * P . ’ a 
je ry - Ad 
’ = 
¥ of vy a) ’ ” A h. 
m aa) ; : . 
i / “ a 


* * 4 
‘ 
gu a's. 
cs f- ee -) 
. ry 
vad 
& 
- » « s 
. i> 2 
ya. a 
ce, 
ae 7 , 
yr? 
. é 
= : 
? 7 
7 a 
« 
¥ t 
a » a 
él yin 
: 
a 
‘ . : x > oe 
po a ‘ee 
“ fe i 


33 


The fleme reaction creates a back pressure which retards the flew and 
causes the stream te diverge ahead of the flame. The total pressure 
dowastreon from the flawe is lower than that above it by an unknown 

amount and for reasons net clearly imown. 


to lack of time or equipment. frimery aeong the slighted factors sre 

a lerge flane, but the high temperatures constitute an unavoidable 
prebles. 4 thorough spectroscopic snapping of the temperature would be 
Gisturbance to the flane and no surface effect. Prossure traverses 
wight be obteined with a larger devies to enable the eehlleren te pick up 
the exast flow pattern around the ond of the flame holder. It might have 
been revealing to have the remainder of the aixture-versus-flov at 
Blow-off curves, but for comparing the threes flame holders it does not 
aeen of prisary importence. A thorough study of the back preasure of 
the flase a8 a function ef the flow rate and burning rate could be sade 
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fairly simply if tine pernitted, and should be very inforaative, 

One of the things most needed is 2 means of tracing out 
the streamlines of flew through the whole region in e manner siailar 
to the mapping of the Bunsen flame by Levis and vor Elbe. Daring the 
present investigation repeated attespts were made to recerd photographically 
and, although a light souree of spproximstely four aillion lumens was 
placed within six inches of the stream, the pathe could not be recorded 
with available photographie eqaipnsat at the velocities of interest ia 
the investigation. 1¢ would de a naturel next step te build a larger 
flase holder capable of varaing at higher velocities in order te see if 
the fiat and concave surfaces give the save results at higher velocities. 
‘Phe aerodynamic effect of the design of the upstream surface upon velocity 
the effent of the type of flow in the stpean won the flane holder should 
de studied. Yor instance, is 2 thicker boundary leyer and better per- 
formance obtained when the flame holder is plesed in a diverging stream 
"gather of « constant area or a converging strean? Wheat is the effect — 
holder rather than upstrean from it? Obviously, the problen of the 
theory of the flese holder has ealy deen opened in this investigation, 
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AGOGHIA BO.1 


Yerther evidenge that the back flow in the turbulent region 
edteined subsequent te the experinents previously deseribed fron the 
| “Institute ty Lieutenant Commander Robert A. Thompson, U.5.5,, snd 
Ldeutensat Gomander Howard G. Suolin, U.5.5. Por a detailed dleoussion 
ef the snslogy of water flow te air flow sce their paper “The Theory, 
Construction, ani Appliontion of the Vater Table." The flow on this 
table corresponds te the flow of a gae teving « matic of specific heats 
equal to 2.0, and due to surface foom from the wetting agent gives 
@ wonderful vious) pletere of alnost any desired flew pattern. 

Using « word model of the same shape as the eress section of 
a Hach manber of prostionlly sero to a Noeh mober ef epproxiaately 
&id uct onter the concavity at any tine. ‘This corresponds to flow 
without ignition around this flame holder. At lov Nach nombers, below 
lar to thove behind « flat surfoce; ant ot Meher Noch munbore the 
eddies flattened slong a very flat straight lino perpendicular te the 
main strase frou one downstream tip to the othey. The aagie ab which 
the edty current merged with the free strean was at ali tines very 
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flow previously described as probable ead piobured in Figure 1. 
Slight diffoeion into the *stegnent region® we otesrved, tut the anin 
flow 444 sot cireslate upstrean fron the tise of the flome holder. 
to give proetieally ideation] results with the flet flase halder over 
all renges of atrean velocity. ‘The esly eiguifieant feeter that wight 
 @bange this expectation is thet the concsvity offers « larger lew 
welecity surteleat region te retain flexes than a flat ended flame 
holder of the ase diameter; bat the effect of thie faster is not 
«known, 
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A=1 


AIR FLOW 


Fuel Pressure = 2.5 1b./sq.in. 


Concave Round Flat 
0.13 0.13 0.13 a 
0.43 0.13 0.14 
Total aie sa 7m 
Avg. 0.133 0.13 0.133 


Fuel Pressure = 4.75 1b./sq.in. 


Concave Round Flat 
0.20 0.18 0.19 
0.20 0.18 0.20 
0.21 0.18 0.20 
0.20 0.19 0.20 
0.18 0.19 0.20 
0.20 0.20 Total 0.99 
Total 1.19 0.20 
0.19 Avg. 0.198 
Ave. 0.198 0.18 
0.19 
Total 1.88 
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Fuel Pressure = 8.75 1b./8q.in. 


Concave Round Flat 

0.28 0.27 0.30 

0.28 0.27 0.29 

0.28 0.24 0.29 

0.29 O27 0.28 

0.30 0.28 0.29 

0.28 Total 1.33 0.29 

Total Lae ' 0.28 
Avg. 0.266 0.28 

Avg. 0.285 Total oo 
Ave. 9.287 

Fuel Pressure = 15 1b./sq.in. 

Concave Round Flat 

0.45 0.4e 0.43 

0.45 0.41 0.47 

0.44 0.42 0,u5 

0.46 0.42 0.45 

Total 1.80 0.43 0.45 
Total 2.10 0.45 

Avg. 0. 45 Total 2.70 

Ave. 0.42 
Ave. 0.45 
Fuel Pressure = 24 1d./s8q.in. 

Concave Round Flat 

0.75 0.63 0.75 

0.83 0.68 0.79 

0.79 0.65 0.79 

0.78 0.65 0.77 

Total 3.15 0.64 Total 3.10 

0.65 

AVE. 0.787 Total 3.90 Ave. 0.775 


Ave. 0.65 
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Fuel Pressure = 
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Fuel Pressure = 2.5 1bd./eq.in. No reading 
Fuel Pressure = 5 1b./sq.in. No reading 
Fuel Pressure = 8 1b./8q.in. 
Concave Round Flat 
0.060 0.075 0.065 
0.065 0.075 0.065 
0.070 0.075 0.065 
0.085 0.075 Total 0.195 
Total 0.2 0.300 
Avg. 0.065 
Ave. 0.065 0.075 
Fuel Pressure = 15 1b. /sq.in. 
Concave Round Flat 
0.11 0.115 Gilt 
0.10 0.105 0.10 
0.10 0.110 0.10 
0.10 Total 0.320 0.10 
Total 0.41 Total 0.41 


Avg. 0.110 
AVZ. 0,102 Avg. 0.102 


Fuel Pressure = 


Concave 


0.15 
0.15 


ie 
O. 


0.15 


Total 


Ave. 


Fuel Pressure = 


Concave 


Total 


Avg. 


Fuel Pressure = 


Concave 


20 1b./eq.in. 


24 1b./sq.in. 


Round 


0.23 
0.22 
0.215 
0.2 
0.895 


0.224 


30 lb. /sq.in. 


Round 
0.36 


0.36 
0.355 
0. 


Total co 


Avg. 0.36 


Total 


Avg. 
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FUEL FLOW CALIBRATION 


Record of times required for one pound of fuel to flow through 


burner for a given fuel pressure in the fuel line. 


a 


Fuel Pressure 


min, sec 
\ 47 
4 45 
\ 45 
yy 50 


‘Fuel Pressure 


min. sec. 
5 08 
5 06 
5 l2 
5 10 


Fuel Pressure 


4O 1b./sq. in. 


seconds 


287 
285 
285 


~ 
Total 1147 


Avg. 286.7 © 


= 35 1b./sq. in. 


seconds 


308 
306 
312 


310 
Total 123 


Avg. 309 


= 30 1d./sq.in. 


ae 
Total 1107 


seconds 


367 
370 
) 


Avg. 369 


w/ sec 


w/sec 


= 0.003235 


= 0.00271 


“ 
4 Be 


be. burs 


Fuel Pressure 


min, sec 
6 LO 
7 08 
F 00 
6 4g 


Fuel Pressure 


Fuel Pressure 


min. gec. 


9 55 
10 05 
10 o1 


= 24 1d./eq.in, 


seconds 


= 20 1b./sq.in. 


seconds 


= 15 1d./sq.in. 


seconds 


w/sec = 


1 
1 


= 0.002415 


A-9 


Record of times required for one half pound of fuel to flow through 


burner for a given fuel pressure in the fuel line. 


Fuel Pressure = 8.75 1b./8q.in. 


min, sec. seconds | 
6 07 367 w/sec = 0.5 = 0.001361 
6 05 365 "3OTs3 
6 10 0 
Total 102 
Avg. 367.3 


Fuel Pressure = 4.5 1b./sq.in. 


min, sec. seconds 
7 46 “65 w/sec = 0.5 = 0.001073 
7 0 470 5.2 
T 5 465 
hs Te) 


460 
Total 1861 


Avg. 465.2 


Fuel Pressure = 2 1b./sq.in. 


min, sec. seconds 


g 47 527 w/sec = 23 = 0.000883 
10 * OS 605 5 
Total 1132 


Ave. 566 
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hy the 4.5.5.8, Aleo te Horke Bonébook. 


The expression for the welaae rate of flow is 
@= Yeca J2 eh 


@ #.>/see, 

= eomyresst bility 

= velocity ef appreach faster 

= goeffiaient of discharce 

= throat arecia #.° 

= @ifferenticl head fa ft. of measured 
fluté (conditions at upstreas tap) 


rr ae Fk / S 


Orifice diameter = 1.571 finches 
Pipe diameter = 3,00 inches 


Aegening that the aversge velocity fering the experieent will 
be 75 f.faee. ond thet the density and viecosity of the costustion 


for GB = 0.5103 anf dB, © 0.0582 10°, from the table 
page 4 of the 4.5.5. %, publication, 


& = HO = @.608 for the orifice used. 


one ingh of water, hence 


and therefore Fe 1.6 
dubstituting these values inte the equation fer ¢ 
0° OA A a oe 
a= 0.06 Jan 


te convert Ak in inches of weter to fect of air, maltipls 
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Tabulation of Computations for the Round-end Rod 


Object: to obtain velues of Q at blow-off for various values 
of we/w,. fuel-toeir ratio. Explanation of symbols and method of 


computation is in foregoing pages. 


Lean Mixtures 


Pe Qn As Wir Cone Qrotal 
lb./in.* in.H,0 ft.air JAh ft./sec.  ft.>/sec. fs," | wnins 


2.5 0.00712 
4.75 0.188 12.3 3.51 0.225 0.00898 0.233 
8.75 0.266 18.1 4,24 0.272 0.01146 0.282 
15.0 0.42 28.6 5.35 0, 343 0.0148 0. 358 
24.0 0.65 W426. 65 0.426 0.0198 0. 4K6 
30.0 0.85 57.8 7.60 0.487 0.0231 0.510 
ee w/ sec w/ sec f le, 
1b. /in.? air fuel 
2.5 0.00085 
4.75 0.01725 0.001073 0.0622 
8.75 0.02085 0.001370 0,0657 
15.0 0.0263 0.00177 0.0672 
24.0 0.0326 0.00237 0.0727 
30.0 0.0373 0.00276 0.0740 


Rich Mixtures 


of A» i sae euel total 
1b./in.* in.H,0 ft.air JAn ft.°/ seo. ft.?/sec. £s.°/aec. 
6.0 0.07% 5.10 2.26 0.1% 0.01095 0.156 
15,0 0.110 Taf BYR Ore 0.0148 0.1826 
20.0 0.1 10.2 3.16 0.2045 0.0176 0.2221 
24.0 0.247 16.8 4.1 0.263 0.0198 0.2828 
30.0 0. 360 24.5 4.95 0.317 0.9231 0.3401 
35.0 0.5275 35.9 5.99 0.384 0.0259 0.4099 
‘, w/ sec w/ sec 
W/W, 
1b. /in.* air fuel 
8.0 0.0111 0.00132 0.119 
15.0 “0.0140 0.00177 0.1265 
20.0 0.01565 0.0021 0.1341 
24.0 0.0215 0.00237 0.1177 
30.0 0.0243 0.00276 0.1135 
35.0 0.029 0.0031 0.1055 
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Tabulation of Computations for the Flat-end Rod 


Object: to obtain values of Q at blow-off for various values 
of wr/w,, fuel-to-air ratio. Explanation of symbols and method of 


- computation is in foregoing pages. 


Lean Mixtures 


Pr Ab Ah Qnir Qeue2 Crotal 
lv./in.® in.H,O0 ft.air JAh PM Fey te: ene. £4. fumes 
2.5 0.133 9.04 3.01 0.193 0.00712 
4.75 0.198 13.48 3.67 0.235 0.00898 0.24 
8.75 0.287 19.5§ 4.he 0.283 0.01146 0.29 
15.0 0.45 30.60 5.53 0.354 0.0148 0.358 
24.0 0.775 52.70 7.26 0.465 0.0198 0.485 
30.0 1.903 68.20 8.26 0.530 0.0231 0.553 
Pp ? w/ sec w/ sec vl, 
s./1n," air fuel 
2.5 0.01478 0,00085 
4.75 0.0180 0.001073 0.0596 
8.75 0.02165 0.001370 0.0633 
15.0 0.0271 0.00177 0.0672 
24.0 yoy ~ 0.00237 0.0666 
30.0 0.0406 0.00276 0.0680 
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- Rich Mixtures 


P, Ah Ah ee | Senet otal 


1b. /in.* in.H,0 ft.air VAh Hi fiee, ft.?/sec. ft.>/sec. 


15.0 | 0.103 7.0 2.545 0.163 0.0148 0.1778 
20.0 0.150 10.2 3.19 0.2045 0.0176 0.2221 
24.0 0.1916 13.02 3.61 0.231 0.0198 0.2508 
30.0 0.29 19.7 4b 0.2845 0.0231 0.3076 
35.0 0.38 25.85 5.09 0.326 0.0259 0.3519 

Pe w/ sec w/sec ‘ Js 
1b. /in.® air fuel . 

15.0 0.01248 0.00177 ~~ ~—O. 142 

20.0 0.01565 0.0021 0.1341 

24.0 0.0177 0.00237 0.1340 

30.0 0.0218 0.00276 0.1265 

35.0 0.025 0.0031 0.124 
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Tabulation of Computations for Concave-end Rod 


Object: to obtain values of Q at blow-off for various values 
of w,/w., fuel-to-air ratio. Explanation of symbols and method of 


computation is in foregoing pages. 


Lean Mixtures 


P Ah Ah 
f Bye | Ga ym 
1b. /in.* in.H_,0 tt-air JAb neg Pee £t.°/ sec. ft.>/sec. 
2.5 0.00712 
4.75 0,792 eat ae ee 0.232 0.00898 9.240 
8.75 0.285 19.3 4.40 0.282 0.01146 0.293 
15.0 0.45 30.6 eee: 0.354 0.0148 0.369 
24.0 0.787 53.5 Tia 0.469 0.0198 0.489 
30.0 1.0 68.0 8.25 0.528 0.0231 0.551 
P w/sec w/sec 
f wel we 
1b. /in.* air fuel 
2.5 0.00085 
4.75 0.0178 0.001073 0.0002 
8.75 0.0216 0.001370 0.0634 
15.0 0.0271 0.00177 0.0653 
24.0 0.03745 0.00237 0.0633 
30.0 0.0404 0.00276 0.0683 
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Ah 
in.H 
n 2 


0.102 ° 
0.150 
0.193 
0.290 
0.380 


w/ sec 


air 


»O1244 
-01565 
.0178 
.0218 
.025 
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ich Mixtures 


Ah 
ft.air 


6.94 
10.20 
2.43 
19.70 
25.85 


w/ sec 


fuel 


0.00177 
0.0021 
0.00237 
0.00276 
0.0031 


JAn ft.-/sec. 


q 


air 


0.1625 
0.2045 
0.232 
0.284 
0.326 


ite 
ft.>/sec. 


0.0148 
0.0176 
0.0198 
0.0231 
0.0259 
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0.1773 
0. 222m 
0.2908 
0.3076 
0.3519 
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